The human pathogen Mycoplasma pneumoniae adheres to a variety of 
The human pathogen Mycoplasma pneumoniae adheres to a variety of cells, including erythrocytes. A hemadsorption technique was developed to quantitate adherence by photometric measurement of lysates of erythrocytes that attached to sheets of M. pneumoniae grown in cups of Linbro plates. Attachment of sheep erythrocytes (SE) increased with higher ionic strength, was unaffected by minor pH variations (6 to 9), and was blocked by anti-M. pneumoniae antiserum, but was not inhibited by a variety of sugars, amino acids, and bovine serum albumin. The reaction was time and temperature dependent. The temperature curve showed peaks at 14 and 280C with untreated SE but only one peak at about 380C with glutaraldehyde-treated SE. The temperature dependence indicated involvement of either metabolic or membrane activities in the binding process. Trypsin treatment of the M. pneumoniae sheet abolished adherence of SE but was only partially effective with human erythrocytes and noneffective with rabbit erythrocytes. The binding capacity of the mycoplasma cells for SE was restored by incubation in growth medium for 3 to 4 h; this restoration was inhibited by 10 yg of chloramphenicol per ml. Neuraminidase treatment of SE removed their attachment capacity but had no effect on attachment of rabbit erythrocytes and only a slight effect on attachment of human erythrocytes. Pretreatment of M. pneumoniae with neuraminic acid partially blocked the adherence of SE, whereas rabbit erythrocyte attachment was not affected. Attached SE could be detached by trypsin, but not by neuraminidase. For human and rabbit erythrocytes, the results suggest binding mechanisms other than the interaction between neuraminidase-sensitive receptors and protein-containing binding sites shown for SE. Adherence of pathogenic mycoplasmas to animal cells (1, 5, 6, 8, 12, 13, 18) , tissues (3, 4, 10, 13, 14, 16) , and inert surfaces (2, 19, 20 ; I. Kahane et al., J. Gen. Microbiol., in press) is a wellknown phenomenon. Most of the studies in this field, however, did not provide quantitative results, and little information is available about the receptors of host cells, binding sites of the mycoplasmas, and the mechanism(s) involved in the adherence phenomenon. In a recent study with Mycoplasma gallisepticum and human erythrocytes (HE) (1) , some data were presented on the characteristics and kinetics of the interactions in this particular model. Many of the qualitative data available are concerned with M. pneumoniae. It seemed therefore interesting to examine adherence properties of this species in more detail. The present study was devised to confirm quantitatively previous qualitative results (6) and to obtain further data on the factors influencing the adherence process. For quanti- The number of CFU and the amount of protein attached to the bottom of one cup were difficult to evaluate. Therefore, the following method was used to obtain approximate values. Liquid medium was inoculated with 3H-labeled mycoplasmas and divided in two portions, one used for growth in cups, the other growing as suspension culture in an agitated bottle. After 24 h at 370C, the cups were washed and the radioactivity was measured as described. The CFU content of the suspension culture was counted by dilution and plating on agar medium. The radioactivity was measured as described, and the mycoplasma protein content of the suspension was determined after harvesting the cells by centrifugation. The relation between radioactivity, number of CFU, and protein content in the suspension culture permitted an estimation of the number of CFU and protein content for cups in which only the radioactivity could be determined.
The quantitative findings with the Linbro plates were qualitatively verified by experiments in cover slip chambers (2) which also enabled a microscopical control of the intact cell morphology after treatment with the various substances. Influence of time and temperature on adherence. The adherences of SE were determined after various periods of incubation at 0 and 37°C. The results (Fig. 2) showed the marked temperature dependence of the attachment process. At 370C, maximum attachment was obtained after 35 min. Consequently, a standard incubation time of 45 min was selected for all the following experiments.
Chemicals
The temperature dependence of the attachment is also shown in Fig. 3 . SE and mycoplasmas were incubated at various temperatures. In repeated experiments, two maxima (14 and 280C) were observed. For technical reasons, the data shown in Fig. 3 were obtained in consecutive experiments. These maxima, however, were also confirmed in one experiment covering simultaneously the whole temperature range with fewer points of measurement. The two maxima disappeared when the SE were pretreated with glutaraldehyde. Instead, a new peak at about 380C was observed (Fig. 4) (0.1%, 60 min at 37°C) abolished the attachment of SE.
Effect of pH and ionic strength. Variation of pH between 6 and 9 did not significantly affect the adherence of SE. The effect of increasing salt concentrations on SE attachment was tested in the presence of various concentrations of NaCl, MgCl2 and CaCl2. The results (Fig. 5) showed an increase in attachment up to a concentration where the erythrocytes began to lyse Effect of trypsin. Mycoplasmas were pretreated with various concentrations of trypsin. The results are shown in Table 2 . A concentration of 10 ,.g/ml was sufficient to inhibit the ability of the mycoplasmas to bind SE. Higher concentrations caused morphological damage to the mycoplasmas and were therefore avoided. The adherence could be completely restored after trypsin treatment if the mycoplasmas were covered with medium and incubated for 3 to 4 h at 370C. However, this restoration was completely inhibited by the presence of 10 ,ug of chloramphenicol per ml in the medium.
To find out whether the decrease in SE attachment was due to detachment of glass-adherent mycoplasmas, 3H-labeled M. pneumoniae cell sheets were treated with trypsin. The trypsinization of the cell sheets resulted in a marked release of radioactivity (Table 3) . However, when mycoplasmas in suspension were subject to trypsin treatment, no significant amounts of radioactivity were released from the mycoplas- mas. Application of 20 or 50 yg of trypsin per mg of mycoplasma protein (60 min at 37°C, washing for 60 min at 90,000 x g) resulted in the release of 1.2 or 0.88%, respectively, of the total cellassociated radioactivity. From the buffer controls, nearly the same percentages of 3H-labeled components were released into the supernatant (0.94 and 0.63%, respectively). Adherence of HE and RE. In preliminary studies with HE and RE, we noted an unexpectedly high attachment in the mycoplasma-free control cups incubated only with medium. Experiments with medium constituents showed that the horse serum contained substances which agglutinated these two kinds of erythrocytes. The titers were 1:16 for RE and 1:32 for HE. A similar unexpected agglutination of turkey erythrocytes by horse serum was described by other authors (5) . Therefore, in the following experiment with HE and RE the horse serum in the growth medium was replaced by non-agglutinating inactivated rabbit serum.
Another complication affecting the experiment with these erythrocytes was caused by the trypsinization process itself. Obviously, trypsin INFECT. IMMUN. treatment of the cell sheet removed some serum proteins covering the area between the mycoplasma colonies. In contrast to SE, the RE and HE were apparently bound unspecifically to the uncovered plastic surface. To overcome this difficulty, the cups were incubated after trypsinization with growth medium (30 min at 37°C). Under these conditions the adherence of HE to trypsin-treated mycoplasmas was reduced to about 50 to 60% of the medium control. The binding of RE, however, was not significantly affected by trypsin (Fig. 6) . Similar results were found in qualitative studies in cover slip chambers. Here, the extent of residual adherence of HE was found to be dependent on the colony size. The majority of the larger colonies of M. pneumoniae were still capable of binding the HE.
A different reaction was also observed if trypsin was applied to erythrocytes already bound to mycoplasmas. Bound SE were detached by trypsin, whereas the adherence of HE was only partly affected (50 to 60% remained attached). RE could not be detached from the mycoplasmas.
Treatment of mycoplasmas with NANA. It could be shown that the usual washing of mycoplasmas after treatment with NANA reduced the inhibitory effect of NANA, which was apparently only loosely bound. Therefore, the following experiments were carried out without additional washing procedures. Mycoplasma sheets were treated with low concentrations of NANA neutralized to pH 6.7 ± 0.2. As a result, the adherence of SE was partially blocked ( Treatment of the erythrocytes with trypsin. Pretreatment of HE with trypsin (50 pg/ml, 60 min at 3700) resulted in increased attachment (up to about 180%). In contrast, SE and RE were not or were only slightly affected (Table 5) .
Treatment of erythrocytes with neuraminildase. Pretreatment of SE with neuraminidase (25 U/ml, 60 min at 3700) resulted in a nearly complete loss of their attachment capac- ity to M. pneunwniae (Table 5) . Pretreatment with glutaraldehyde (0.05%, 60 min at 500) did not influence the effect of neuraminidase. The attachment of HE was only slightly reduced, whereas the attachment of RE was not inhibited at all (Table 5) . Once attached, neither SE nor HE or RE could be removed by neuraminidase.
To exclude the possibility of protein masking of the neuraminidase-sensitive sites on RE, the erythrocytes were pretreated with trypsin (50 pg/ml, 60 min at 3700) before neuraminidase application. However, the attachment of RE to M. pneumoniae was not affected (Table 5 ).
DISCUSSION
Methods for the quantitation of adherence of mycoplasmas to erythrocytes have been described, using either mycoplasmas in suspension (1) or one reaction partner in an immobilized form (6) . For the latter approach, M. pneumoniae is a particularly useful model, because it (19, 20) . The considerable release of mycoplasmas by trypsin from the sheets (see Table 3 ) apparently does not influence the results significantly. Two observations suggest a minor role of this effect: (i) trypsin applied in the same concentration to cover slip chambers did not show comparable microscopical results, and (ii) if the cell sheet had been altered substantially in density, the adherence of RE should have been reduced accordingly (however, it was not affected by trypsin). These results suggest that the cells removed from the sheet by trypsin probably either were loosely bound cells not mediating adherence anyway or were not in contact with the plastic surface, as postulated by others (I. Kahane et al., J. Gen. Microbiol., in press).
The minimum release of radioactively labeled fatty acids by trypsin in our study and previous data on the inefficiency of periodate (6) suggest a low content of either fatty acids or polysaccharide groups in the M. pneumoniae binding site.
These characteristics, however, apparently apply only to SE. The unexpected failure of trypsin to affect the binding of RE and the reduced effect on attachment of HE suggest alternative binding mechanisms, at least in part, for these cells. The different sensitivities of the binding sites correspond apparently with the different properties of the respective erythrocyte receptors. SE do not adhere after neuraminidase treatment, as was previously described (6, 13) and confirmed quantitatively in this study. Accordingly, NANA partially blocked the attachment at low concentrations. The concentrations of NANA used in previous studies (6) were rather high and caused probably unspecific effects. On the other hand, neuraminidase reduced the adherence of HE only slightly, and RE were not affected at all. The results allow the conclusion that SE interact with a surface protein of M. pneumoniae via a neuraminidase-sensitive receptor molecule, whereas HE partially and RE totally may use binding sites and receptors with other processes (9, 14) . According to our results, glycophorin does not seem to play a major role in the adherence of SE or HE to M. pneumoniae in the hemadsorption system. This is in contrast to the findings in the M. gallisepticum-HE model and to some recent results with an M. pneumoniae-HE system in which some binding sites with affinity for glycophorin have been found (M. Banai, I. Kahane, and S. Razin, unpublished data). The difference has yet to be explained.
In conclusion, the mechanism of attachment of cells-here, erythrocytes-to mycoplasmas seems to be more complex than was assumed previously. The mechanisms of interaction depend on the species of both the mycoplasmas and the animals cells. The reactions in the various systems are not always predictable, and more detailed studies are needed for better understanding of all aspects of this pathogenicity factor.
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